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Abstract

Background—A critical event in neural tube closure is the formation of median (MHP) and
dorsolateral hinge points (DLHP). Together, they buckle the ventral midline, elevate and juxtapose
the neural folds for proper neural tube closure. Dynamic cell behaviors occur at hinge points
(HPs), but their molecular regulation is largely unexplored. Bone Morphogenetic Proteins (BMPs)
have been implicated in a variety of neural tube closure defects, although the underlying
mechanisms are poorly understood.

Methods—In this study we used in vivo electroporations, high-resolution microscopy and
biochemical analyses to explore the role of BMP signaling in chick midbrain neural tube closure.

Results—We identified a cell-cycle dependent BMP gradient in the midbrain neural plate, which
results in low-level BMP activity at the MHP. We show that while BMP signaling does not play a
role in midbrain cell-fate specification, its attenuation is necessary and sufficient for MHP
formation and midbrain closure. BMP blockade induces MHP formation by regulating apical
constriction and basal nuclear migration. Furthermore, BMP signaling is critically important for
maintaining epithelial organization by biochemically interacting with apicobasal polarity proteins
(e.g., PAR3). Thus prolonged BMP blockade disrupts apical junctions, desegregating the apical
(PAR3+, ZO1+) and basolateral (LGL+) compartments. Direct apical LGL-GFP misexpression in
turn is sufficient to induce ectopic HPs.

Conclusions—BMPs play a critical role in maintaining epithelial organization, a role that is
conserved across species and tissue-types. Its” cell-cycle dependent modulation in the neural plate
dynamically regulates apicobasal polarity and helps bend, shape and close the neural tube.
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Introduction

Neural tube closure requires the complex orchestration of cellular events across the folding
neural plate. Critical to this process is the formation of the MHP and DLHPs (Colas and
Schoenwolf, 2001; Schoenwolf and Smith, 2000; Smith and Schoenwolf, 1997; Ybot-
Gonzalez et al., 2002). These serve as pivots around which the neural plate can be bent,
shaped and ultimately closed into a neural tube (Smith and Schoenwolf, 1997). Although the
relative importance of the MHP and DLHP differs at different axial levels of the neural tube,
their absence frequently results in a failure of the neural tube to close (Ybot-Gonzalez et al.,
2002; Ybot-Gonzalez et al., 2007).

The formation of HPs entails the dynamic regulation of multiple cell behaviors. These
include polarized changes in cell shape (apical constriction), apicobasal length and nuclear
location (basal nuclear migration) (Colas and Schoenwolf, 2001). These changes are
dynamically modulated over time along the apicobasal and mediolateral axes of the neural
plate. While a fair understanding of the cellular events at the HPs has emerged over the last
few decades, the molecular bases of how they are dynamically orchestrated in time has so
far proved elusive.

The Transforming Growth Factor p (TGFp) family of signaling molecules, particularly the
BMPs, play a critical role in neural induction and dorsal cell fate specification in the neural
tube (Liu and Niswander, 2005). Interestingly, a number of mouse lines carrying mutations
in TGFp pathway genes also show severe neural tube closure defects, although the
underlying cellular causes of such defects are not understood (Castranio and Mishina, 2009;
Chang et al., 1999; McMahon et al., 1998; Solloway and Robertson, 1999; Stottmann et al.,
2006; Ybot-Gonzalez et al., 2007).

In recent years, TGFp family members have been associated with size and shape regulation
in diverse tissues such as the gastrulating zebrafish and the Drosophila wing (Martin-
Castellanos and Edgar, 2002; Teleman et al., 2001; von der Hardt et al., 2007). For example,
altered levels of the BMP homolog decapentapleigic (Dpp), result in extensive epithelial
disruption, apoptosis and a smaller wing size in the fly (Gibson and Perrimon, 2005; Shen
and Dahmann, 2005). Interestingly, size reduction in the wing blade due to loss of Dpp
occurs not as a result of apoptosis as previously supposed, but rather as a result of
cytoskeletal disorganization. Such disorganization results in the formation of clusters of
cells (cysts or rosettes) which display altered epithelial arrangements and are ultimately
expelled from the wing primordium (Gibson and Perrimon, 2005; Shen and Dahmann,
2005). Thus, growth control in the wing by Dpp appears to be at least partly due to the
ability of TGFp family members to regulate epithelial organization (Massague, 2008).

A feature of epithelial organization is its apicobasal polarity, marked by the segregation of
the apical and basolateral membrane compartments by tight junctions (Margolis and Borg,
2005). This segregation is in part maintained by antagonistic interactions between
basolateral proteins (e.g., lethal giant larva, scribble, disks large) and apical, tight junction-
associated protein complexes, (e.g., the PAR3-aPKC-PARG6 complex) (Bilder, 2004). /n
vitro studies in mammary gland epithelial cells suggest that TGF activation can destabilize
tight junctions by phosphorylating PAR6 (Ozdamar et al., 2005). Rho-GTPases are activated
as a result, leading to a disruption of tight junctions and epithelial to mesenchymal
transitions (EMT, (Ozdamar et al., 2005)). BMPs might also regulate epithelial organization
by interacting with cell-adhesion molecules concentrated at adherens junctions. For
example, cadherin-mediated BMP activity is essential for the migration of neural crest cells
as well as the directional, convergent extension movements that narrow and elongate the fish
embryo during gastrulation (Shoval et al., 2007; von der Hardt et al., 2007).

Birth Defects Res A Clin Mol Teratol. Author manuscript; available in PMC 2013 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Eom et al.

Page 3

Although the role of BMP signaling in dorsal neural cell-fate specification has been
extensively examined, little is known about how this pathway might cause neural tube
closure defects in mice with mutations in the TGF cascade (Castranio and Mishina, 2009;
Liu and Niswander, 2005; Stottmann et al., 2006; Ybot-Gonzalez et al., 2007). To remedy
this, we examined the role of BMP signaling in neural tube closure at the midbrain level, a
region where exencephaly occurs frequently (Copp et al., 2003). We observed that a
complex two-dimensional BMP gradient occurs in the chick midbrain during neurulation,
with low level, mosaic, cell-cycle dependent signaling at the MHP. With early 7in vivo
manipulations, we show that BMP signaling underlies the dynamic modulation of the
epithelial architecture of the midbrain neural plate via regulation of the apicobasal polarity
pathway. As a consequence, BMP signaling plays a critical role in the early events involved
in neural tube closure.

Materials and Methods

Chick embryos

Fertilized Leghorn eggs (Ideal Poultry, Texas) were incubated at 38°C and the embryos
staged according to Hamburger and Hamilton (HH) (Hamburger and Hamilton, 1951).

Expression vectors

In vivo gene expression was driven by the xenopus (pXex), human (pEFX) Elongation-
Factor 100, pMes or pCS2 promoters (Agarwala et al, 2001; Johnson and Krieg, 1994;
Swartz et al., 2001). Embryos were electroporated with EGFP (Agarwala et al., 2001),
membrane targeted-EGFP (m-EGFP), Noggin, dominant negative BMP receptors 1A-IRES-
EGFP (dnBMPR1A), constitutively active BMP receptor 1A-IRES-EGFP (ca-BMPR1A),
BMP4 and EFX-LGL-GFP. EGFP fluorescence was seen within 3 hours of electroporation
with Xex and EFX promoters.

In ovo electroporation

Unless mentioned, 0.02-5u.g/p.l DNA was electroporated into HH stages 4-6 or HH7-11
embryos according to previously established protocols (Agarwala et al., 2001).
Electroporated embryos were returned to the incubator for 3 hours—4 days prior to
harvesting. Since no differences were noted between phenotypes produced by the early and
late electroporations, these data were pooled.

In situ hybridization

Embryos were harvested between HH7-E5 and immersion-fixed in 4% paraformaldehyde.
DIG or FL conjugated antisense riboprobes were prepared from cDNAs for CHORDIN,
EGFP, GLI3, NOGGIN, PHOXZA, PAX6, PAX7, SHHand WNT1. One or two color
whole-mount in-situ hybridizations were conducted according to previously established
protocols (Agarwala and Ragsdale, 2002).

Immunohistochemistry

Embryos were fixed in 4% paraformaldehyde for 15 min-2 hours. Midbrains were sectioned
at 14pum in the coronal plane. The following primary antibodies were used for analyses:
rabbit anti-pHH3 (Upstate; 1:500), rabbit anti-PAR3 (Upstate; 1:500), rabbit anti-
phosphorylated (p)-SMAD 1,5,8 (Cell signaling; 1:1000), mouse anti-N-Cadherin (DSHB;
1:500), mouse anti-ZO-1 (BD biosciences; 1:1000); mouse anti-GFP (Molecular Probes;
1:500), Laminin (DSHB; 1:1000) and activated Caspase 3 (Cell Signaling; 1:200). Alexa-
conjugated secondary antibodies were used for fluorescent detection using standard
protocols (Afonso and Henrique, 2006). Alexa-conjugated phallotoxins (Molecular Probes)
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were used for the direct detection of F- (filamentous) actin. DAPI staining was used for
detecting nuclei.

Wholemount pSMAD 1,5,8 immunohistochemistry

Wholemount pSMAD 1,5,8 immunolabeling was conducted according to previously
established protocols (Eom et al., 2011).

TUNEL Staining

Imaging

Wholemount TUNEL staining was conducted in E3 midbrains according to previously
established protocols (Agarwala et al., 2005; Yamamoto and Henderson, 1999).

Immunofluorescent confocal images were obtained with a Zeiss Laser Scanning Microscope
(LSM 5 Pascal) and or with an Olympus 1X51 spinning disc microscope (Olympus) and
captured with AxioVision (Zeiss) or Slide Book Pro software. Data analyses were conducted
using Imaris (Bitplane), Adobe Photoshop and Adobe Illustrator. Unless mentioned,
confocal images are presented as single 0.5-0.8 wm thick optical sections.

Immunoprecipitation and western blot analysis

For Western Blot analyses, whole cell lysates were prepared from HH9-11 wild-type
midbrains or the electroporated regions of E3 midbrains. We first confirmed that HPs
induced at HH7-E5 by Noggin-electroporations at HH4-11 were identical in every way to
the endogenous MHP based on morphological, cellular and molecular criteria. This
permitted us to collect lysates from wild-type brains and electroporated brains between
HH9-E3. Tissue lysates were prepared as previously described (Eom et al., 2011). 100pg of
protein from chick midbrains was incubated with either 10 pg/ml of normal rabbit 1gG
(Alpha Diagnostic Intl. Inc) or 20 pg/ml of anti-PAR3 (Millipore), or anti-pSMAD 1,5,8
(Cell Signaling). Protein complexes were immunoprecipitated using 20ul of protein A/G
agarose beads, separated by SDS-PAGE, immunoblotted with PAR3 or pSMAD 1/5/8
antibodies and detected by ECL chemiluminescence (Thermoscientific; IL). The molecular
weight of the PAR3 and pSMAD 1,5,8 was ascertained using NCBI databases.

Quantitative Analyses

All quantification in this study was conducted using ImageJ software (NIH) on midbrains
electroporated at HH4-11 and harvested at HH7-E3. Unless mentioned, quantitative data

was obtained from 2-3 (14um) sections/per control or Noggin-electroporated brain at the

rostrocaudal midpoint of the midbrain. Data was displayed as the mean + s.e.m. Statistical
significance was evaluated using an unpaired Student’s #test.

pSMAD 1,5,8 cell distribution in the neural plate—HH7 midbrain wholemounts
(n=5) were flattened and a measure of the latero-medial gradient was obtained by counting
all apically visible pPSMAD 1,5,8+ cells in the MHP and lateral neural plate. The numbers of
MHP and lateral neural plate cells were compared using a test.

Apical Constriction—A direct measurement of apical constriction was made in mMEGFP
and Noggin+mEGFP electroporated flattened wholemounts stained with PAR3. Since the
effects of Noggin and dnBMPR1 were non-autonomous, a sampling box subtending 50m x
50pm was drawn in ventrolateral midbrain and the apical surface areas of all cells or only
electroporated cells within the sampling box were measured using ImageJ (Control:
n=48cells/3brains; Noggin-electroporated brains: Noggin+ cells: n=161cells/4brains; All
cells: n=435cells/3brains). Pairwise comparisons between control and Noggin-
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electroporated cells and control and all cells within the sampling box were made using a #
test.

Basal Nuclear Migration—The distance of mitotic (pHH3+) cells from the apical surface
was determined by drawing a straight line from the apical surface to the apical tip of each
pHH3+ cell in control (n=3 embryos; 271 cells) and Noggin electroporated embryos (n=5
embryos; 313 cells). The differences were evaluated using a #test. Basal nuclear migration
for all cells was also determined by centering a 70pm x70wm sampling box in control
lateral neural plate or at ectopic HPs induced by Noggin electroporations in lateral neural
plate. A perpendicular line was drawn from the PAR3+ apical surface to the apical tip of
each DAPI+ nucleus in the sampling box. Differences were evaluated using a #test.

Apicobasal Length—The apicobasal span of midbrain progenitors was measured in early
HH?7 brains electroporated with mEGFP alone or in conjunction with Noggin. A sampling
box was positioned in ventrolateral midbrain as above. Within the box, the apicobasal spans
of all electroporated cells whose outline could be fully visualized in control (n=17 cells/5
brains) and Noggin-electroporated midbrains (n=42 cells/10 brains) were measured and
compared using a £test.

A 2-dimensional, spatiotemporally dynamic BMP gradient in the neural plate

We examined BMP signaling in the neurulating chick embryo between HH Stages 4-10
(Colas and Schoenwolf, 2001; Hamburger and Hamilton, 1951). BMP ligands as well as
BMP antagonists (Chordinand Noggin) were expressed in the MHP and the notochord of
the folding neural plate in complex patterns (Fig. 1A, B; data not shown). The high levels of
Chordin and Noggin at the axial midline of the neural plate coincided with low levels of
pSMAD 1,5,8, a definitive readout of canonical BMP signaling (Fig. 1C—H). Interestingly,
pSMAD 1,5,8 expression formed a complex two-dimensional spatio-temporal gradient in
the neural plate (Fig. 1C-H). A mosaic, lateral to medial, gradient of pSMAD 1/5/8 spanned
the neural plate, with high numbers of pPSMAD 1,5,8 cells in lateral neural plate and low
numbers at the MHP {84.4 cells (lateral neural plate) vs.12 cells (MHP); p=3.84x1075; Fig.
1C, inset C; 1D, G, H}. In the neurectoderm, nuclei execute interkinetic nuclear migration
along the apicobasal/ventricular pial axis, invariably undergoing mitosis at the apical surface
(Sauer, 1935; Smith and Schoenwolf, 1997). We noted that 100% of pHH3+ mitotic cells
exhibited high levels of pSMAD 1,5,8 expression apically (Fig. 1E-H; inset H). pSMAD
1,5,8 expression was turned down as nuclei progressed through other phases of the cell cycle
(Fig. 1E-H). Since cell cycle duration at the MHP is considerably longer than that in lateral
neural plate, fewer pHH3+/pSMAD 1,5,8+ mitotic cells were seen in the MHP than at any
other place in the neural plate (Fig. 1C-H; arrowhead in 1H (Smith and Schoenwolf, 1987)).
Taken together, these data suggest that low level, mosaic, cell-cycle dependent pSmad 1,5,8
expression occurs at the MHP during neural tube closure.

BMP signaling regulates midbrain morphogenesis, but not ventral cell fate specification

To examine the role of BMP signaling, we misexpressed constitutively active BMP receptor
1A (caBMPR1A), Noggin and dominant negative BMP receptor 1A (dnBMPR1A) in the
ventral midbrain using in ovo electroporation. Noggin overexpression between HH4-11
resulted in lowered pPSMAD 1,5,8 expression, suggesting that canonical BMP signaling was
reduced in the midbrain (Fig. 2A, B). Despite significant pPSMAD1,5,8 reduction, SHH
(floor plate), PHOX2A (oculomotor neurons) and PAX6 expression suggested that ventral
cell-fates were correctly specified in the midbrain (Fig 2C, D). Increased BMP signaling by
caBMPR1 or BMP4 misexpression similarly did not affect ventral midbrain fate
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specification (Fig. 2E, F; data not shown). By contrast, Noggin-electroporated midbrains
displayed dramatically altered shapes, suggesting a role for BMP signal attenuation in
midbrain morphogenesis (Fig. 2G, H). Of particular interest to us were the ectopic hinge-
like invaginations of the apical surface (arrowheads Fig. 2H) and the ectopic clusters of
neurons (arrow, Fig. 2H) in the lumen of Noggin-electroporated midbrains.

BMP signal modulation is necessary and sufficient for MHP formation

Previous studies have proposed a role for BMP attenuation in DLHP induction in the spinal
cord (Stottman et al., 2006; Ybot-Gonzales et al., 2007). Given the expression of BMP
antagonists (Noggin, Chordin) in the MHP and the notochord, and the ability of Noggin to
elicit hinge-like invaginations, we asked whether BMP blockade might also play a role in
MHP formation in the midbrain (Fig. 1A, B; 2F).

Noggin misexpression between HH4-11 dramatically exaggerated the endogenous MHP
(n=18/23; Fig. 3A, A”; B, B"). By contrast, increased BMP signaling by caBMPR1
misexpression resulted in a dramatic flattening of the MHP (n=15/24; Fig. 3C, C"). Thus,
although BMP blockade did not induce ventral midline cell-fates, it was both necessary and
sufficient for endogenous MHP formation in the midbrain (Fig. 2C-F; Fig. 3A-C").
Together with previously published studies, these data suggest that BMP blockade underlies
both MHP and DLHP formation in the neural tube (Eom et al., 2011; Ybot-Gonzales et al.,
2007).

The results above indicated that BMP blockade between HH4-11 produced HP formation at
E2-E5 (Fig. 2H; 3A, B). We next asked whether BMP blockade would induce MHP
formation during the endogenous phase of MHP formation (HH4-8) and whether the effects
would be cell-autonomous. We therefore switched to HH4-6 electroporations of dnBMPR1
misexpression and examined the midbrain at HH7 when MHP formation is ongoing (Brown
etal.,, 2012a, b; Eom et al., 2011). As with Noggin, dnBMPR1 misexpression was sufficient
to deepen the endogenous MHP, and to induce ectopic HPs in lateral neural plate at HH7
(Fig. 3D-G). These results also demonstrated that both electroporated and un-electroporated
cells participated in ectopic HP formation, suggesting that the effects of BMP blockade were
at least partially non-autonomous (Fig. 3E, G; 5D”; 7B; 7F).

Interestingly, both BMP gain and loss of function manipulations, which altered the contours
of the MHP, also prevented the neural folds from drawing together and closing correctly
(n=8/12, arrowheads, Fig. 3H-J). Together, these results suggest that BMP signal
attenuation is both necessary and sufficient for MHP formation. Furthermore, they show that
unlike caudal spinal cord, MHP formation is required for neural tube closure at the midbrain
level (Ybot-Gonzalez et al., 2007).

BMP signaling does not affect dorsal midbrain cell fates

BMP signaling plays a role in cell fate specification in the dorsal spinal cord (Liu and
Niswander, 2005). By contrast, studies from other laboratories showed that manipulations of
BMPR1B receptors do not alter avian dorsal midbrain cell fates (Bobak et al., 2009).
However, given the large number of BMP type | and |1 receptors, it was still possible that
the midbrain closure defects shown in Fig. 3 were an indirect consequence of BMPR1B-
independent, BMP-dependent changes in dorsal cell-fates. To address this issue, we
misexpressed Noggin, BMP4 and caBMPR1 in dorsal midbrain. Unlike the morphogenetic
effects at the MHP, which could be induced at low levels (=0.2j.g/pl) of Noggin
misexpression, high levels (= 3 pg/pl) of BMP manipulations were required to elicit effects
on dorsal midbrain cell fates (Fig. 4A-F; data not shown). Such BMP gain and loss of
function experiments suggested a role for BMP signaling in WA/T1 induction in the roof
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plate (Fig 4A—F). Importantly, BMP-induced changes in WNT1 expression did not interfere
with the ability of the dorsal midline to fuse (Fig. 4A-F), most likely because roof plate
induction occurs ~ HH10 in the midbrain, well after dorsal midline fusion at HH8. Besides
its specific role in roof plate induction, even high levels (3-5 pg/jl) of dorsal BMP
blockade or misexpression did not reliably affect overall dorsal midbrain patterning, as
shown by the normal expression patterns of GL/3and PAX7 (Fig. 4A—F). Together with the
results shown in Fig. 2C—F, we concluded that BMP signaling does not play a significant
role in either dorsal or ventral midbrain cell fate specification. Interestingly, targeted dorsal
BMP manipulations did not affect the contours of the ventral midline, suggesting that the
morphogenetic effects of BMP signaling at the ventral midline were not a secondary
consequence of altered cell fates, either dorsal or ventral.

BMP blockade regulates the dynamic cell behaviors required to form the MHP

We next explored the role of BMP signaling on cell behaviors (apical constriction and the
basal migration of nuclei) that are essential for the formation of HPs in the neural plate
(Colas and Schoenwolf, 2001; Smith and Schoenwolf, 1997) (Fig. 5A). To visualize the
apical surface of cells, we electroporated midbrains with either membrane-targeted EGFP
(m-EGFP) alone or in conjunction with Noggin. Midbrain wholemounts stained with the
apical marker PAR3 were flattened to visualize the apical surface of electroporated cells (see
cartoon in Fig. 5B). Severe cell-autonomous and non-autonomous apical constriction was
seen in Noggin-electroporated cells whose apical surface areas were 68% smaller than cells
in control brains (Fig. 5C-E; apical surface area: control cells: 25.79um?; Noggin-
electroporated cells: 8.35um?; p=5.67x10"21). Similar results were obtained when control
apical surface areas were compared with all cells within the sampling box as described in the
Materials and Methods (Fig. 5E; control cells: 25.79um?; all cells: 8.5um?2; p=3.99x10714).,
Thus, BMP attenuation was sufficient to induce apical constriction in the neural plate.

One mechanism to obtain the reduced apical cell-surface areas seen at the endogenous MHP
is to move nuclei away from the apical surface of the neurectoderm, a phenomenon termed
basal nuclear migration (Colas and Schoenwolf, 2001). To determine whether BMP
blockade induces basal nuclear migration, we examined the apicobasal location of Noggin-
electroporated mitotic (pHH3+) nuclei, which occur within 2 nuclear depths of the apical
surface in wild-type brains ((Smith and Schoenwolf, 1987); Fig. 5F). Within 6 hours of
Noggin electroporations, we noted that increased numbers of pHH3+ mitotic nuclei were
located more basally, relative to control brains (distance from the apical surface, control:
5.2um; Noggin: 15.32um; p=2.32x10719; Fig. 5F, G, J). To confirm these results for all
affected nuclei, we next examined the apicobasal location of DAPI-stained nuclei in control
and Noggin-electroporated brains. Compared to EGFP-electroporated controls, nuclei at
Noggin-induced HPs were also more basally located (Fig. 5H-1"; K; distance from the
apical surface, control: 8.15um; Noggin: 18.14um; p=3.15x10~"). Thus, BMP blockade can
induce apical constriction and the basal migration of nuclei associated with HP formation.

The apicobasal length of MHP cells is shorter than that of lateral neural plate cells (Fig. 5A).
However, Noggin-electroporated cells increased their apicobasal length by 30% within 6
hours of electroporation (Fig. 5L; Fig. 6D, E). Thus while BMP blockade can induce apical
constriction and basal nuclear migration, it is not sufficient to induce apicobasal shortening.
However, the increased apicobasal length does not preclude the formation of ectopic HPs in
lateral neural plate in response to Noggin misexpression.

BMPs regulate apicobasal polarity pathway genes

The data above show that BMP signaling regulates cell behaviors along the apicobasal axis
in developing midbrain. We therefore asked if BMP signaling might regulate the apicobasal
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polarity pathway in the developing neural tube. In control brains, proteins associated with
tight (PAR3, Z01) junctions were seen along the apical surface of the midbrain
neurectoderm (Fig. 6A, A”; data not shown). Strikingly, Noggin electroporations resulted in
the downregulation of PAR3 and ZO1 from the apical compartment (Fig. 6A-6B’, data not
shown). These effects were partially rescued by co-electroporations of BMP4 and Noggin
(Fig. 6C, C’; data not shown).

Previous work has shown that PAR3 and LGL can compete for association with the PARG-
aPKC polarity complex at the tight junction (Plant et al., 2003; Yamanaka et al., 2003). To
determine whether the Noggin-induced downregulation of PAR3 from the apical
compartment resulted in a concomitant increase in apical LGL, we visualized the apical and
basolateral compartments simultaneously by combining low-level (1p.g/jl) electroporations
of LGL-GFP fusion protein with PAR3 immunolabeling (Dollar et al., 2005). A clear
segregation between the basolateral (LGL+) and the apical (PAR3+) compartments
demonstrated that these levels of LGL-GFP did not affect neural apicobasal polarity (Fig.
6D-D”). However, when LGL-GFP and Noggin (1p.g/pl each) were co-electroporated,
ectopic LGL could be seen along the apical surface where PAR3 is normally expressed (Fig.
6E-E”). Together, these data suggest that BMP blockade alters apicobasal polarity.

We next conducted Western Blot analyses to determine whether BMP blockade reduced
PAR3 protein levels. These analyses demonstrated that BMP blockade did not reduce total
PAR3 protein levels, but altered its subcellular localization (Fig. 6F). We noted that unlike
controls, Noggin-electroporated midbrains displayed PAR3+ puncta in the cytoplasm (Fig.
6A-C’; arrows, Fig 6B”, C"). These results were confirmed by the mislocalization of the
adherens junction protein N-CAD into the cytoplasm following BMP blockade (arrowheads
and arrows, Fig. 6H, H"). Taken together, these results suggest that BMP signaling regulates
the integrity of epithelial organization by controlling the subcellular localization of
apicobasal polarity pathway proteins.

Perturbations of the apicobasal polarity pathway are sufficient to induce HP formation

Overexpression of Noggin results in the ectopic apical localization of LGL (Fig. 6E-E”).
We reasoned that if BMP attenuation regulates HP formation via the apicobasal polarity
pathway, then direct apical misexpression of LGL might mimic the effects of BMP
blockade. Unlike low-levels of LGL-GFP misexpression, which did not affect polarity (Fig.
6D), high-levels (5ug/ul) of LGL-GFP misexpression replicated multiple phenotypes seen
with Noggin overexpression. These included the induction of ectopic hinge points (Fig. 7A,
B), apically constriction (Fig. 7C, D), basal nuclear migration (Fig. 7A, E), and subapical
mitosis (Fig. 7F, G). We conclude that BMP blockade results in ectopic apical LGL
mislocalization. Apical LGL expression in turn is sufficient to account for much of the
epithelial dysmorphology seen following BMP blockade.

BMP pathway members biochemically interact with apical junctional proteins

We next asked whether the BMP signaling cascade biochemically interacted with members
of the apicobasal polarity pathway. Strikingly, immunoprecipitation of HH 9-11 brain
lysates with pPSMAD 1,5,8 antibody (specific for the phosphorylated forms of SMAD1,5,8)
followed by immunablotting with PAR3 or vice versa, demonstrated a biochemical
interaction between the effectors of canonical BMP signaling and the apicobasal polarity
pathway (Fig. 7H, H"). These interactions were attenuated by Noggin electroporations (Fig.
71, 1).

Birth Defects Res A Clin Mol Teratol. Author manuscript; available in PMC 2013 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Eom et al.

Page 9

The epithelial dysmorphology resulting from BMP blockade is consistent with
dysregulation of the apicobasal polarity pathway

Disruptions of epithelial organization result in a heterogeneous set of phenotypes that can
ultimately lead to EMT and cell delamination (Bryant and Mostov, 2008). We therefore
asked whether sustained BMP blockade might produce other phenotypes associated with the
loss of apicobasal cell polarity (Ozdamar et al., 2005). Phalloidin staining demonstrated that
the epithelial organization and cell-shapes in the midbrain neurectoderm were severely
compromised in Noggin-electroporated brains (Fig. 8A, B). Activated caspase 3 and
TUNEL staining suggested that while cell death was increased in Noggin-electroporated
embryos, the changes in cell shape and epithelial organization could occur independent of
cell death (Fig. 8C-F).

In extreme cases, the disrupted epithelial organization resulted in a full EMT with neurons
delaminating into the lumen of neural tube (Fig. 8E, F; Supplementary Fig. 3A, B). The
absence of PAR3 and the presence of apical processes in the lumen of the neural tube further
corroborated the EMT phenotype (Supplementary Fig. S3A, B). Previous studies have
shown that epithelial remodeling results in a special type of apoptosis (anoikis), which
results from a failure of epithelial cells to remain associated with their neighbors or the
extracellular matrix (Gilmore, 2005; Massa et al., 2009). Indeed TUNEL staining following
Noggin misexpression revealed that the delaminated cells were frequently removed from the
lumen of the neural tube by apoptosis (Fig. 8E, F).

Three-dimensional tissue culture experiments suggest that the dynamic modulation of
polarity can produce heterogeneous phenotypes and complex tissue arrangements, such as
cysts or simple or branched tubules (Bryant and Mostov, 2008; Martin-Belmonte et al.,
2008). Consistent with this idea, Noggin-electroporated midbrains frequently displayed cells
that had organized themselves into cysts (Fig. 8E-H). Such cysts displayed a PAR3+ ZO1+,
pHH3+ apical surface surrounding a central lumen and typically contained just a small
number of electroporated cells (Fig. 8G, H; Supplementary Fig. S3C-D"). Furthermore, they
behaved like gpg™ cell clones in the fly wing and frequently migrated out of the neural tube
into neighboring tissues (Fig. 8G; Supplementary Fig. S3D, D). (Gibson and Perrimon,
2005; Shen and Dahmann, 2005). We also noted that Noggin electroporations resulted in a
disrupted Laminin+ basal lamina, suggesting the latter as a mechanism for cyst migration
(Fig. 81, J)

We noted that unlike normal midbrain progenitors which displayed few filopodia-like-
processes, Noggin-electroporated cells displayed abundant lateral filopodia (arrowheads,
(Fig. 8K-L"). Such filopodial structures might provide the cellular basis for the increased
ability of Noggin-induced cysts to migrate out of the neural tube into adjacent tissues. Since
increased cell motility is a hallmark of EMT (e.g. during cancer metastasis), these data
provide further evidence for the interactions between BMP signaling and the regulation of
apicobasal polarity.

Discussion

In this study, we provide evidence for a role for BMP signaling in MHP formation via the
regulation of polarity proteins (summarized in Fig. 9). We show that BMP blockade reduces
the apical levels of tight junction proteins (e.g., PAR3, ZO1) and increases the apical levels
of basolateral proteins (e.g., LGL). Apical LGL misexpression in turn can mimic the effects
of BMP blockade and induce ectopic HP formation in the midbrain. BMP and polarity
modulation also converge on other cellular phenotypes including altered cell shape, basal
nuclear migration and aberrant, sub-apical mitosis. Most significantly, biochemical
experiments suggest that pPSMAD 1,5,8 and polarity proteins (e.g., PAR3) physically
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associated with each other. We conclude that a major function of BMP signaling is the
regulation of the apicobasal polarity pathway, a specific consequence of which is the
regulation of MHP formation in the neurulating midbrain.

The non-autonomy of BMP function during MHP formation

Only a small number of cells at the neurulating ventral midline at any given time are
pSMAD 1,5,8+. How do such few cells bring about a complex, non-autonomous event like
HP formation? While the answer to this is not known, we noted that a few cells
electroporated with Noggin, dnBMPR1A, or LGL-GFP are sufficient to induce changes in
cell behaviors in the electroporated cells and their neighbors. These cell behaviors include
HP formation, apical constriction, basal nuclear migration, epithelial disorganization or
rosette formation. Similar non-autonomous effects have been noted in the fly embryo where
cells with altered polarity can direct the polarity of their neighbors in a non-autonomous
fashion (Zallen and Wieschaus, 2004). One possibility is that the non-autonomous effects
are communicated across cells via the adherens belt, which is clearly affected by BMP
manipulations. Alternatively, the non-autonomy could be a consequence of the mechanical
constraints imposed by being associated with neighboring cells either via apical junctions or
via the basal lamina.

Dynamic Modulation of Polarity by BMP Signaling

In this study, we show that pPSMAD 1,5,8 biochemically interacts with PAR3, an apical
protein associated with the tight junction and required for the segregation between apical
and basal membrane compartments (Margolis and Borg, 2005). In previous work, we have
shown that pSMAD 1,5,8 also interacts with PAR6 and aPKC, two other members of the
PAR polarity complex (Eom et al., 2011). Previous work has shown that the PAR complex
is associated with the tight junction and responsible for conferring apical membranes their
identity (Macara, 2004). Thus, we tentatively place pSMAD 1,5,8 proteins at the tight
junction. Analyses of BMP signal transduction suggest that Noggin prevents the ligand-
dependent phosphorylation of SMAD 1,5,8 proteins and reduces pSMAD 1,5,8-PAR3
interactions without reducing the levels of PAR3 or absolute levels of SMAD proteins (Eom
etal., 2011; Massague et al., 2005). Thus the interactions between pSMAD 1,5,8 and the
PAR complex are likely to be ligand-dependent, placing phosphorylated SMAD proteins at
the tight junction under conditions of BMP stimulation.

Our data suggest that the ligand-dependent association between the PAR complex and
pSMAD 1,5,8 stabilizes the tight junctions and maintains epithelial integrity. In the absence
of BMP signaling, the junctions are compromised and LGL can cross into the apical
compartment. Simultaneously, PAR3, ZO1 and N-CAD are moved into the cytoplasm. Our
previous data suggest that the removal of apical membranes and proteins into the cytoplasm
is likely to depend upon endocytosis (Eom et al., 2011). Endocytosis-dependent
internalization of apical membranes may therefore be a partial cause of BMP blockade-
dependent apical constriction. Similar endocytosis dependent apical constriction has also
been reported in bottle cells during frog gastrulation (Lee and Harland, 2010).

Since the BMP signal in the neural plate is cell cycle dependent, we speculate that cells
transition between being fully epithelial to partially epithelial over the course of a cell cycle.
Since cell cycle progression in the neurectoderm is asynchronous, this means that a partially
polarized cell is likely to be flanked by neighbors that are fully or partially polarized. Recent
studies have also shown that an initially unpolarized cell can transform itself into a complex
structure such as a cyst and then a branched tubule over time by simultaneously dividing and
alternating between unpolarized, semipolarized and polarized states, each influenced by
distinct sets of signals (Mostov et al., 2003).
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Neural progenitors that are cyclically responsive to BMP signaling could similarly alternate
between different polarized states as they progress through the cell cycle along the
apicobasal axis (Bayly et al., 2007; Eom et al., 2011). The resulting modulations in polarity
would provide cells with the flexibility to change their shapes in a dynamic manner and help
shape the neural plate. However, each cell would return to a fully polarized state over the
course of a single cell cycle, ensuring that it does not undergo a full-scale EMT. This
dynamic modulation of polarity, together with the asynchronous nature of cell cycle
progression, would in turn ensure that the neuroepithelium retains its overall epithelial
organization, while allowing modulations in cell shape. The mediolateral BMP activity
gradient would provide a mechanism by which modulations in polarity could be targeted in
a regional manner (e.g., MHP), so that shape changes could be orchestrated throughout the
neural plate and the neural plate could be bent and shaped as a whole into a neural tube.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BMPR1 BMP receptor 1A

constitutively active
dominant negative

EP electroporation

FP floor plate

HH Hamburger and Hamilton stages
lumen

MHB midbrain-hindbrain boundary

MHP median hinge point

MB midbrain

NC notochord

NF neural fold

NP neural plate

oMC oculomotor complex

PHAL Phalloidin, RP, roof plate
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Figurel. BMP signaling in the folding neural plate

(A) Chordin expression in the NC and the prospective MHP. (B) Noggin expression in the
NC and the MHP. (C-H) A 2-dimensional pSMAD 1,5,8 gradient in the neural plate. (C,
D) HH7 wholemount (top-down view, rostral to the top) showing a mosaic, latero-medial
pSMAD 1,5, 8 gradient, with the low levels of pSMAD 1,5,8 at the MHP and higher levels
in the neural folds (NF). Distribution of pSMAD 1,5,8+ cells along the lateral-medial axis is
quantitated in D (# of lateral cells: 84.4; # of medial cells: 12; p=3.84x107%) (E-H). Cross-
sectional views displaying latero-medially and apicobasally graded pSMAD 1,5, 8
expression (red) and its apical colocalization with mitotic (pHH3+, green) cells (arrowhead,
E-H; boxed cell, H).
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Figure 2. BMP signaling regulates midbrain shape, but not ventral cell-fate specification

(A) Unilateral Noggin misexpression in the midbrain (A, wholemount view, rostral to the
top, ventricular surface facing the viewer). (B) Noggin (green) misexpression results in
severely reduced pSMAD 1,5,8 (red) expression (compare arrowhead vs. arrow). (C, D)
Control (C) and Noggin-electroporated midbrains (D, wholemount view, oriented as in A)
demonstrating that ventral cell fates, assayed by SHH expression in the floor plate (FP),
PHOXZA expression in oculomotor complex (OMC) neurons and PAXE6, are not perturbed
by BMP blockade. (E, F) Ventral midbrain cell fates (assayed as in C, D) are not affected by
caBMPR1 electroporations at E3 or E5. Note that compared to C, the shape of the midbrain
territories is altered in both D and E. Arrow in E points to caBMPR1 electroporation within
the OMC territory. (G, H) Control (G) and Noggin-electroporations (H) demonstrating that
Noggin induces ectopic hinge-like invaginations (arrowheads, H) and delaminated cells
(arrow, H) in the lumen of the midbrain.
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Figure 3. BMP blockadeis necessary and sufficient for MHP formation

(A—C’) Bilateral electroporations of GFP (A, A”), Noggin-IRES-GFP (B, B") and
caBMPR1+GFP at HH7-9 demonstrating that compared to controls (A, A”), the MHP is
exaggerated in Noggin-electroporated brains (B, B”) and flattened in caBMPR1-
electroporated brains (C, C”). Red line marks the ventral midline. Yellow lines mark the
apical/ventricular surface in A-E. (D, E) An exaggerated MHP following HH4-6
dnBMPR1a electroporations. Note that the effects of dnBMPR1 are non-autonomous. (F, G)
Ectopic HPs induced in lateral neural plate following early dnBMPR1 manipulations
(arrowhead in G). (H=J) HH11 embryos electroporated at HH4—6 showing normal neural
tube closure in control (H), but not Noggin (I) or caBMPR1A (J) electroporated midbrains.

Birth Defects Res A Clin Mol Teratol. Author manuscript; available in PMC 2013 October 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Eom et al.

Page 17
Noggin ep.
-
RP &
FP 4
] » *"
i
: Gld3 H GLI3
2 160um WNT1 Q WNT1
C EGFPep.[|D caBMPR1A+EGFP ep|
¥ RP er‘l‘l@: -
Fp FIP
I
WNT1 WNT1
E3 100um EGFP||E3. EGFP
EGFP e BMP4 e
E X p{(F 4 SWEdep
~‘*"°'~“"‘" & Rb
& RP : %
FP '
! FP
I
WNT1 WNT1
E3 100um PAX7||E3 PAX7

Figure 4. BM P signaling affectsr oof-plate specification, but not overall dorsal cell-fate
specification

(A, B) Dorsal EGFP (A) and Noggin (B) electroporations demonstrating reduced WNT71
expression in the Noggin-electroporated roof plate (RP), although the ventral limit of GL/3
expression is unaltered. Note the presence of a cyst/rosette at the top left of Fig. 4B. (C—F)
Dorsal EGFP (C) and caBMPR1 (D) electroporations demonstrating increased WNT1
expression in D, F, while PAX7 expression remains unaltered (E, F). Arrowheads in D mark
the ectopic expression of WNTI outside the roof plate (RP), while arrowheads in E and F
mark the lateral edges of the RP in control (E) and BMP4 (F) electroporated dorsal
midbrains.
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Figure 5. BMP signaling regulates apicobasal cell behavior s associated with MHP formation

(A) HH7 cartoon showing apically constricted cells with basally located nuclei (blue) at the
MHP. (B) Cartoon depicting both the apical (red) surface and the apicobasal (green cells)
axis of the neural tube. (C-D”) m-EGFP (green) electroporations displaying the apical
surface areas (PAR3+, red) in control cells (C-C”). D, D”, strong, autonomous (green cells)
and non-autonomous apical constriction is seen in Noggin-electroporated midbrains. (E)
Quantitation of C-D”. Apical surface area: control cells: 25.79.m?; Noggin-electroporated
cells: 8.35um?; p=5.67x1072L, (F, G, J) pHH3 immunostaining demonstrating aberrant,
subapical (G, arrowheads) mitosis in Noggin-electroporated brains (G) compared to controls
(F). (9) Quantitation of F, G. Distance from the apical surface, control: 5.2,um; Noggin:
15.32um; p=2.32x1071°, (H-’, K) H, H": EGFP electroporations displaying the smooth
apical (PAR3+) contour of lateral midbrain and the normal distribution of DAPI-stained
nuclei. I, I": Noggin-induced ectopic hinge in lateral midbrain (arrowheads) displays apical
constriction and basally located nuclei (I,1"). (K) Quantitation of overall basal nuclear
migration. Distance from the apical surface: control cells: 8.15um; n=56 cells/5brains;
Noggin treated cells=18.14um; n=78 cells/6 brains; p=3.15x107". (L) Compared to controls,
Noggin-electroporated cells display increased apicobasal spans. Apicobasal spans, EGFP-
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electroporated cells: 49.2 um, n=17 cells/5 brains, Noggin-electroporated cells: 72.52 um,
42 cells/10 brains; p=1.05x10712. See also Fig. 6D, E.
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Figure 6. BMP signaling regulates epithelial apicobasal polarity

(A—C’) Confocal images showing that the downregulation of PAR3 (red, arrowheads B, B”)
labeling from the apical surface of Noggin + m-EGFP (B, B”) electroporated cells can be
partially rescued by co-electroporation of Noggin+BMP4 (C-C"). Control (m-EGFP only)
electroporations are shown in A, A”. A’, B” and C” show the PAR3 channels for the merges
shown in A, B and C respectively. (D-E”) Control LGL-GFP electroporations showing the
segregation of the apical (PAR3+) and basolateral (LGL+) compartments (D-D”). Co-
electroporation of Noggin with LGL-GFP (1pg/pl) results in the apical removal of PAR3
and the apical incursion of LGL-GFP (E-E”). (F) Western blots showing that PAR3 levels
are not different between control and Noggin-electroporated E3 whole-cell lysates (fgp row).
Bottom Row. loading controls. (G—H") Confocal images demonstrating that reduced N-
CAD expression at the apical membrane (arrowheads in H, H") and the ectopic cytoplasmic
expression of N-CAD (arrows in H, H”) in Noggin-electroporated brains (i, arrowheads).
Controls shown in G, G’.
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Figure 7. Perturbations of the apicobasal polarity pathway are sufficient to induce HP for mation
(A-B) Unlike controls (A), high (5ng/pl) LGL-GFP misexpression is sufficient to induce
ectopic HPs (arrowhead, B). (C-D) Control (C) and high LGL-GFP misexpression (D)
demonstrating apical LGL, loss of apical PAR3 and apical constriction (arrowhead, D). (E)
Compared to controls (A), nuclei are basally migrated at ectopic HPs induced by high LGL-
GFP (E). (F, G) Aberrant, basal mitosis (arrowheads in G) following high LGL-GFP
electroporations. (H-1") Biochemical interactions between pPSMAD 1,5,8 and PAR3 in
EGFP-electroporated whole cell lysates immunoprecipitated with PAR3 and immunoblotted
with pSMAD 1,5,8 antibody (H). pPSMAD 1,5,8 and PARS interactions demonstrated by
reversing pSMAD 1,5,8 and PAR3 antibodies (H"). Compared to controls (H, H"),
biochemical interactions between pPSMAD 1,5,8 and PAR3 are reduced in noggin-
electroporated lysates (1, 1).
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Figure 8. The epithelial dysmor phology resulting from BM P blockade is consistent with
dysregulation of the apicobasal polarity pathway

(A, B) Compared to RFP-electroporated controls (A), non-autonomous disruption of
epithelial organization (Phalloidin staining, green) is seen following Noggin +RFP
electroporations (B). (C, D) Altered cell-shape changes (arrowheads D) can occur
independently of the increased cell death (activated Caspase3+, arrows) seen in Noggin
electroporated embryos. (E, F) Compared to controls (E), increased EMT and cell death are
seen in the lumens of Noggin electroporated midbrains (arrowheads, F). (G, H) Cyst/rosette
in Noggin-electroporated brains (arrowhead in G) display a re-organized polarity. Note that
cyst has a defined (PAR3+) apical surface surrounding a DAPI-negative lumen (G). Note
also that the majority of cells in the cyst are not electroporated (H). (I, J) EGFP and Noggin-
electroporated midbrains displaying an intact (1) and a disrupted (arrowhead, J) Laminin+
basal lamina. (K—L ") EGFP electroporated midbrain progenitors displaying few filopodia-
like-processes (arrowheads, K). Noggin electroporated cells displaying aberrant lateral
filopodia (arrowheads, L). K’, L” represent schematics of K and L respectively.
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Figure 9. Summary depicting therole of BM P-polarity interactionsin HP formation

Active BMP signaling induces SMAD1, 5, 8 phosphorylation, increasing pSMAD 1,5,8
interactions with the tight-junction associated PAR complex. These interactions stabilize the
tight junction and thus neural epithelial organization. BMP blockade decreases the
phosphorylation of SMADL1, 5, 8, reducing their interactions with the PAR complex. The
partial loss of polarity modulates the junctional complexes sufficiently so that cells are more
flexible and can undergo cell-shape changes required for HP formation and neural tube
closure. Cyclic BMP signaling permits the dynamic modulation of polarity, but ensures that
cells can change shapes without delaminating from the neural epithelium.
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